Monochromatic aberrations of the human eye can be objectively measured with an aberroscope or a Hartmann-Shack sensor, which can calculate the wavefront aberrations using displacements in a grid image. These displacements are determined from the centroid locations of the grid points. Often, in optometry practice, the acquired images are of low resolution and low intensity. Current methods for detecting centroids in such images are essentially based on a Canny-Deriche oriented edge-detecting filter. However, its performance has been found to be insufficient in some clinical applications. We propose an alternative method for detecting centroids in grid images based on watershed transformation. The proposed methodology accurately detects the number of grid points for the subsequent estimation of the centroid locations.
Introduction
Current enthusiasm for refractive surgeries suggests that highly advanced customised surgical procedures will dominate vision correction in the next decade. The future goal of refractive surgery is to achieve 20/10 (6/3) uncorrected visual acuity with aberration-free postoperative vision. Topography and wavefront driven photorefractive keratectomy (PRK) or laser-assisted in situ keratomileusis (LASIK) are undergoing clinical trials around the world.
It is predicted that these advanced customised refractive surgeries will correct many of the aberrations of the eye, providing vision levels that are currently unachievable [l] . Such vision would be limited only by the resolution of the retinal photoreceptors and the diffraction due to the pupil's aperture [2] .
However, modern surgical procedures depend to a great extent on advances in systems measuring aberrations of the eye. Monochromatic wavefront aberrations can be measured with an aberroscope [3, 4] or a Hartmann-Shack sensor [5] . These instruments provide an objective description of the optical performance of the human eye with a relatively high accuracy.
The aberroscope technique developed initially for the evaluation of photographic lenses [6] and later modified for the human eye [4, 7, 31 , is equipped with a laser, a grid film, a cross-cylinder lens, and an imaging device. The light passing through the grid and the cross-cylinder is reflected from the retina and photographed. The displacements in the grid image (from the ideal grid) are used to calculate the transversal aberrations, which subsequently can be related to wavefront aberration [8] and optimally fitted by a suitable twodimensional function such as a set of orthogonal radial polynomials of Zernike [9] . A method for optimal modelling of ophthalmic surfaces or wavefronts with Zernike polynomials has been recently reported in [ 101.
A Hartmann-Shack sensor, on the other hand, has an array of small lenses (lenslets) rather than a grid and the cross-cylindrical lens. The monochromatic light reflected from the retina and passing through the array of lenses forms the image. As in the case of the aberroscope, the displacements in the grid image are used to calculate wavefront aberrations.
Today, most aberroscopes and Hartmann-Shack sensors are equipped with a CCD video camera [ 1 1,5]. The displacements are determined from the centroid locations of the grid points: a task that is totally dependent on the quality of the ac-quired image. However, the captured images that are acquired from the CCD camera may be of low resolution and/or low contrast intensity. Examples of a 4 by 4 aberroscope grid image and a 10 by 10 Hartmann-Shack grid image (masked by the pupil's aperture) are shown as negatives in Figure 1 and 2, respectively. The images shown are already enhanced in a pre-processing stage. Poor image quality is particularly noticed with an aberroscope technique, which often requires subsequent manual centroid location by an operator [4, 1 1,7] .
The main factors that give rise to the insufficient quality of captured images include poor reflectance from the retina, eye aberrations, absorption and scatter within the eye, induction of pupil constriction, and limited light source power because of the potential for retinal light damage. In clinical conditions, acquisition of a series of measurements that are taken for subsequent estimation of wavefront aberrations is routinely performed [12] . In such a case, it is difficult to maintain the quality of each acquired grid image. Also, the manual correction of grid centroids in an individual image imposes an additional burden on a clinician.
Thus, methods are sought that would accurately detect the number of grid points and their centroid locations in the acquired grid images without the need of manual correction. Current techniques utilised for this purpose are essentially based on Canny-Deriche oriented edge-detecting filter [ 13, 141, performance of which has been found insufficient in some clinical applications [l 1, 71. The orientation of the Canny-Deriche filter is set alternately to detect horizontal and vertical grid lines.
The intersections of the lines are then used to indicate the centroid locatio nomial fit is needed to achieve continuity of contours.
To overcome the shortcomings of the oriented edge-detecting filter, we propose an alternative method for detecting centroids in aberroscope and Hartmann-Shack images that is based on morphological image processing. In particular, we use an initial watershed transformation for separating (segmenting) the regions of image corresponding to each grid point followed by a constrained watershed transformation to form closed regions of interest from which centroids location can be estimated. The proposed procedure can detect the number of grid points in images of varied contrast intensity without the need of fitting polynomials to the con- 
Grid Point Detection
We have adopted a three-stage process for the purpose of detecting the centroids in the grid images.
It should be noted that the aim is to first detect the correct number of grid points and then to estimate the centroid locations.
In the first stage, the input image undergoes a preliminary filtering using two-dimensional convolution with a predefined Gaussian filter. This operation is followed by thresholding the resultant image. The size of the Gaussian filter is determined by using a priori knowledge of the projected grid point radii or lenslet aperture. This information provides a means of actively low-pass filtering the initial image, removing the high spatial frequency speckle noise. Then, the resulting image is further enhanced through a thresholding process. The objective of this process is to discard significant intensity levels in non-significant regions within the image, especially in the case of the aberroscope grid images. The images shown in Figures 1 and 2 are examples of such pre-processing.
The next two stages in our methodology involve morphological image processing. Morphological techniques essentially involve two-dimensional convolution of an input image with a structuring element with a restriction to logical operations. For the purpose of robust centroid detection we will utilise the watershed transformation [ 151.
Watershed Transformation
The watershed transform is a process with the essential functionality of adaptive thresholding. This morphological technique is particularly useful in the segmentation of objects, which do not have clearly defined boundaries. Also, the watershed transform can be used when the boundaries of objects within an image are of varying levels of intensity.
Since aberroscope or Hartmann-Shack images widely vary in intensity, they are analogous to topographical representations of geographical landscapes. The initial objective of the watershed transformation is to flood this topographical surface from its minima. During this process, the collection of water from varying catchments in the image is prevented by actively creating watershed lines. These lines prevent these catchment's basins from merging. By applying this operation to the image gradient, the catchment's basins correspond to the homogeneous grey level regions of the image.
However, due to certain image irregularities such as noise and deficiencies in image contrast, this transformation alone can potentially oversegment the gradient image. To overcome this potential problem, the watershed transform can be improved by flooding the topographical surface from a previously defined set of markers.
To maximise the likelihood of correct segmentation, a two-step process is required. Firstly, a segmentation criterion (the morphological gradient) together with the image markers needs to be determined. Secondly, a marker-controlled watershed transform is performed to create the initial Constrained catchments for the Hartmann-Shack sensor grid image. These catchments are subsequently used for the centroid estimation.
Centroid Location
Several methods exist that can be utilised for centroid estimation. For example, each contour of an individual grid point c e filled and then shrunk to a single pixel [16] or by taking a point of maximum intensity within the grid point equivalent of taking peak of the point spread function (PSF). Alternatively, a center of the mass (pixel average) of the grid point can be calculated. However, simulation results for artificial images with additive noise indicate that the best accuracy of the centroid estimator is achieved when a weighted center of the mass (weighted pixel average) is calculated. Figure 7 shows the inverse of the mean-square error (MSE) derived from 100 realizations of a synthesised aberroscope 3 by 3 grid image with added zero-mean Gaussian noise for the four considered methods of centroid estimation. The superiority of the weighted pixel averaging is clearly shown.
Conclusions
The images acquired by an aberroscope or a Hartmann-Shack sensor are often of low intensity. This is especially the case when a series of images is acquired for studying the dynamics of eye's aberrations. This requires subsequent manual centroid location by an operator which is time consuming. We have proposed a new method for detecting centroids in grid images using morphological image processing. In particular, we have adopted a two-stage watershed transformation and investigated several methods for centroid estimation. The proposed methodology accurately detects the number of grid points in cases where the Canny-Deriche oriented filter fails. Additional our method is computationally more efficient because it does not require fitting polynomials to detected contours.
